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Abstract
We studied the microstructural evolution of the low stacking fault energy α-brass alloy CuZn15 during accumulative roll
bonding (ARB). Most notably, the typical brass-type texture was clearly observed after four ARB passes (approx. 93.8 %
total thickness reduction), before significant shear localization set in. This observation contradicts the widely accepted
idea that shear band formation is a necessary prerequisite for the development of the brass type texture, indicating that
the two phenomena, shear banding and development of the brass texture, are only correlated in ARB, and that their
order of appearance can be switched depending on experimental parameters.
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It is well-documented that two distinct rolling textures
can occur in face-centered cubic (fcc) metals [1–6]. The
type of texture developed during cold rolling strongly cor-
relates with the stacking fault energy (SFE) of the metal or
alloy. Materials with a high SFE, like aluminum, develop a
so-called copper-type texture with prevalent {112}<111>
(copper) and {123}<634> (S) texture components [2–4,
6]. In contrast, low SFE alloys like α-brass with medium
to high zinc contents predominantly show {011}<211>
(brass) and {011}<100> (Goss) orientations – appropri-
ately also called brass-type texture[5, 6]. Many low SFE
materials like Cu-Zn alloys [3–5], Cu-Al alloys [7, 8] or pure
silver[8, 9] form fine deformation twins during the initial
stages of plane strain deformation (i.e., during rolling).
The tightly packed twin boundaries inhibit conventional
dislocation glide and it is commonly assumed that shear
bands are created at large deformations as the only mech-
anism to accommodate the imposed strains [3, 4, 7–9]. In
fact, nucleation and growth of these shear bands are typi-
cally considered to be the main mechanism that facilitates
the subsequent development of the brass-type texture com-
ponents [9–12].
While the correlation (and apparent causality) of shear
band formation and brass-type texture evolution has been
well documented during conventional rolling, much less
is known about their interaction in other processes with
a near plane-strain deformation. The accumulative roll
bonding (ARB) process, originally proposed by Saito et al.
[13], for instance, is an interesting tool to investigate severe
plastic deformation in sheet materials. By repeatedly cut-
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ting and stacking the material between individual rolling
passes, large amounts of plastic strain can be accumulated
and ultrafine-grained (UFG) microstructures can be pro-
duced while keeping a constant sheet thickness. Nomi-
nally, five ARB passes correspond to a von Mises equiva-
lent plastic strain (determined as defined in [13]) of εeq =
4.0, i.e., to a total thickness reduction of approx. 97 %.
One advantage of ARB is that the significant amounts of
shear strain (i.e., redundant shear strains that primarily
occur near the surface) can lead to faster grain size re-
duction [14]. Compared to conventional rolling, much less
has been published on shear banding and texture evolu-
tion during ARB, and the literature appears to be par-
tially incomplete. For instance, Pasebani et al. observed
brass and Goss as the dominant texture components after
three ARB cycles in a 70/30 brass; they discussed shear
banding as main cause for the texture transition similar to
conventional rolling [15, 16]. Chen et al. also reported be-
havior similar to conventional rolling in pure copper with
a {211}<111> copper texture after six ARB cycles [17].
Shaarbaf et al., in contrast, reported the development of
a shear type texture in copper after four ARB passes[18].
Finally, to the best of our knowledge only little research
has been published on ARB of alloys that can develop ei-
ther a copper-type or a brass-type texture depending on
the experimental conditions, despite the fact that such in-
vestigations may shed more light on the interesting topic
of the interaction of shear band formation and texture de-
velopment. In the present work we therefore study mi-
crostructural (via scanning electron microscopy, SEM) and
texture evolution (via X-ray diffraction, XRD) of an α-
brass with 15 wt-% zinc during ARB. This allows for a
comparison to well-established results obtained by Leffers
et al. for conventional rolling with intermediate thickness
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reductions [5, 19, 20]. CuZn15 is of special interest as it
shows a dominant brass-type texture after cold rolling al-
though the overall volume of twins formed is only a few
percent [5, 21].
A commercially available CuZn15 sheet material (ob-
tained from Mecu GmbH, Velbert, Germany) with an ini-
tial thickness of 2 mm was cut to strips (100 mm x 30 mm),
rolled down to a thickness of 1 mm and recrystallized at
450 °C for 30 min. Average grain size after recrystalliza-
tion was 12± 4µm. ARB was performed on a laboratory
rolling mill with 190 mm roll diameter at a rolling speed
of 0.06 m s1¯ without lubrication. The stacked sheet sam-
ples were pre-heated to 473 K before rolling to improve the
bonding quality. After each ARB pass, a 1 cm long strip
was cut from the center of the samples for SEM analysis
and XRD texture measurements. The SEM samples were
cut in the RD-ND plane, ground and polished with final
polishing on a vibratory polisher (Buehler VibroMet 2) us-
ing 50 nm alumina suspension. SEM investigations were
performed with a Zeiss NEON 40 EsB field emitting SEM
equipped with a retractable four quadrant backscattered
electron detector (QBSD) mounted under the pole piece.
The SEM investigations (Figure 1) show that the mate-
rial generally exhibits the well-known microstructural de-
formation mechanisms associated with ARB: we observed
both a reduction of grains size with increasing number of
passes and mechanical twinning. After four ARB passes
(εeq = 3.2 or 93.8 % total thickness reduction), the mi-
crostructure is macroscopically homogenous along the rolling
direction (figure 1.a). Heterogeneities/ microstructural
gradients in the normal direction are a direct result of
ARB processing. The distinctive stripe in the center of
the micrograph marks the position of the bonding zone
that was formed during the fourth ARB pass. The two
symmetrically arranged stripes above and below originate
from previous ARB passes. Additional inhomogeneities
are observed at a much smaller length scale (figure 1.c) up
to three ARB passes. Surrounded by grains that have been
refined already to an average subgrain diameter well below
500 nm, there are some significantly larger, residual grains,
containing densely packed twins with twin boundaries ori-
ented parallel to the rolling direction (clearly visible as
striped patterns in the QBSD micrographs; the twins are
expected to be of type {111}<112>). These microstruc-
tural observations are consistent with the low amount of
mechanical twins reported by Leffers and Bilde-Sørensen
[5] and Christoffersen and Leffers [21] after conventional
rolling. It is likely that twinning contributes to stabiliza-
tion of the few relatively large grains.
It is important to highlight that no shear bands are
observed after 4 ARB passes, whereas after the fifth pass
(εeq = 4.0 or 96.9 % total reduction), many shear bands
that run diagonally through the RD-ND plane with two
distinct orientations are visible in the QBSD micrographs
as dark stripes (figure 1.b). The micrograph at higher
magnification (figure 1.d) reveals the complex interaction
of the intersecting shear bands. Most interestingly, the
two shear bands running from the top left to the bottom
right are aligned parallel to each other prior to their in-
tersection with the band running from the top left to the
bottom right. After the intersection, the lower shear band
is offset with respect to its original alignment. The upper
shear band is also offset and in addition it also exhibits
a changed orientation towards the rolling direction. This
demonstrates that, although all shear bands were formed
during the fifth ARB pass, shear band formation is spread
out over a certain time period. While this is beyond the
scope of the present work, careful microstructural analy-
sis of the geometric offsets at intersection points allows in
principle to analyze the formation history and sequence
of individual shear bands. No information has been pub-
lished, for either conventional rolling or for ARB, on the
formation of shear bands in the CuZn15 alloy investigated
here. Pasebani and Toroghinejad reported shear band for-
mation in 70/30 brass already after two ARB passes [16].
The later onset of shear band formation in the present
work most likely can be explained by the higher stacking
fault energy [22], and consequently by a lower twin density.
To further investigate the influence of the relatively
late formation of shear bands on texture evolution, we per-
formed complementary XRD texture measurements. Prior
to these, samples were ground to a depth of approximately
400 µm in the RD-TD plane to reduce the influence of re-
dundant shear strains near the surface. Textures were in-
vestigated by measuring the {111}, {200} and {220} pole
figures of the samples with a Siemens D5000 diffractometer
in reflection geometry using Cu-Kα radiation. Crystal-
lographic orientation distribution functions (ODFs) were
calculated from these pole figures using the MTEX tool-
box for MatLab [23].
Figure 2 shows ODF sections at constant angle ϕ2 simi-
lar to the data representation in Jia et al.[11] (Euler angles
written in Bunge notation [24]). The sections at ϕ2 = 45°
(central column in fig. 2) exhibit a lack of shear type tex-
ture components in all samples, except for a minor peak
around {111}<211> at N=4. Clearly, shear strains from
previous ARB passes hardly affect the global texture evo-
lution. The ODF of the initial, recrystallized state (I.S.)
suggests the existence of a weak texture with no significant
contribution from either copper or brass type components.
Already at N=3 (εeq = 2.4 or 87.5 % total thickness re-
duction) the brass and Goss components are clearly visible,
together with weak contributions from the copper and S
components. After four ARB passes, the brass and Goss
components have become the most dominant components
while the copper component contribution is strongly re-
duced. The texture after the fifth ARB pass is almost
identical to the previous one, but exhibiting a continued
reduction of the copper component.
At first glance, the texture evolution documented in
fig. 2 is consistent and in line with previously established
models (e.g. [8, 11]): With increasing degree of deforma-
tion the low SFE material develops a dominant brass-type
texture; the plastic strains that are necessary to produce
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Figure 1: QBSD electron micrographs taken from the RD-ND plane between ARB passes. The top row shows overview micrographs after
(a) 4 and (b) 5 passes. The contrast in these micrographs was inverted to increase the visibility of bonding zones and shear bands. Higher
magnification micrographs after (c) 3 and (d) 5 ARB passes are shown in the bottom row without contrast inversion. The white frame in (b)
marks the position of the detailed view in (d). Dashed white lines in (d) indicate the orientations of several distinct shear bands.
Figure 2: Orientation distribution function (ODF) sections deter-
mined by XRD at constant angles ϕ2 (0°, 45°and 65°) of the brass
sheets in the initial state (I.S.) and after 3,4 and 5 ARB cycles, re-
specitvely. While the recrystallized sheets do not exhibit any signif-
icant rolling textures, brass and Goss components are visible after 3
ARB passes together with weak copper and S components. In subse-
quent ARB passes, the brass and Goss components become dominant
with further declining contributions from copper and S components.
a dominant brass type texture are somewhat higher than
during conventional rolling [19, 20]. There is, however, a
key difference to previous reports in terms of the sequence
of shear banding and texture evolution: A fully developed
brass type texture is observed at N = 4, but shear bands
(which are often considered as a necessary prerequisite for
brass type texture formation) only occur later (i.e., in the
QBSD micrographs in fig. 1 for N = 5). The ARB
process used in the present study obviously affects the se-
quence and interaction of shear banding and texture evo-
lution, leading to interesting deviations from the conven-
tional, well-established model scenario described above.
To put our observations into proper perspective, we
note that the experimental conditions under which shear
bands and texture development were observed in the present
study differ in terms of several key aspects from previously
published studies:
(i) The CuZn15 alloy only exhibits low amounts of me-
chanical twinning compared to 70/30 brass investi-
gated elsewhere, [11, 15].
(ii) The ARB passes were performed at elevated temper-
atures (473 K) to improve the quality of the bond-
ing. Together with additional heat introduced by
the rolling itself, the increased temperatures promote
thermally activated dislocation slip over mechanical
twinning. In addition, these temperatures may even
be enough to initiate recovery processes during ARB.
(iii) In comparison to conventional rolling, the ARB pro-
cess introduces large amounts of additional shear strain
in the bulk of the material [25].
All of these aspects can affect both the mechanism of
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shear band initiation and brass-type texture formation. A
direct consequence of (iii) is the accelerated grain refine-
ment during ARB compared to conventional rolling [14].
The smaller grain size during early stages of ARB process-
ing may also influence the evolution of texture. Gu et al.
have recently reported an unusual brass-type rolling tex-
ture in UFG copper after equal channel angular pressing
followed by rolling [26]. They attributed this texture to
the activation of {111¯}<112> partial slip, which is only
activated in copper in the UFG regime without significant
twinning. The SFE in CuZn15 (Grace and Inman esti-
mated 23mJ/m2 for CuZn16 [22]) is considerably lower
than in copper (78mJ/m2 [27]) which accelerates grain re-
finement during ARB [28]. Thus, the critical grain size to
activate {111¯}<112> partial slip is likely to be achieved
already at lower total plastic strains compared to pure cop-
per. Finally, dynamic recrystallization can play a complex
role in determining texture changes [29] and the corre-
sponding microstructural processes may be a key factor
promoting brass texture formation prior to shear banding.
To summarize, we have documented the development
of a strong brass-type texture in CuZn15 during ARB prior
to the onset of shear banding. Only little mechanical twin-
ning was observed. The large additional shear strains in-
troduced into the material during ARB, the resulting UFG
microstructures with very fine grains, the elevated temper-
atures used in our study, and a SFE in between those of
the baseline materials copper and 70/30 brass provide ex-
perimental conditions where the brass texture can develop
already relatively early, while shear banding is observed
only later.
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